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ABSTRACT

The transport of ions across cellular and organellar membranes is
a widespread and fundamental process in biology. The goal of the
present work is a molecular picture describing the ion translocation
event in band 3, the most heavily used ion transport protein in
typical vertebrate systems. The strategy employed involves 3507 NMR,
which is shown both theoretically and experimentally to be a sensitive
probe of two microscopic events: 1) the migration of C1~ from solution
to the vicinity of a macromolecular binding site, and 2) the binding
of C1~ to the site. The technique reveals 3501'11’nebroadem‘ng due to
two classes of C1~ binding sites on isolated, native red cell membranes.
One class is composed solely of low affinity C1~ binding sites of
unknown function (KD>>»0.5 M), while the other class is composed solely
of band 3 transport sites (KD = 80 * 20 mM) which are identified by
their affinity for substrate (C17), competing substrates (HCO&, F~, Br,
I") and inhibitor (4,4'-dinitrostilbene-2,2'-disulfonate, or
DNDS). A 35C1 NMR method is developed to ascertain the sidedness of
C1” binding sites relative to a compartment barrier such as a membrane:
this approach shows that the low-affinity and transport sites are each
found on both surfaces of the membrane.

The sequence of events in the C1~ transport cycle is investigated by
monitoring the behavior of the transport sites when the concentration
of DNDS, p-nitrobenzenesulfonate (pNBS), C17, Br , or HY is varied.
DNDS and pNBS, which are known to bind to outward-facing transport
sites, each recruit all of the transport sites on both sides of the
membrane to the inhibited outward-facing conformation, indicating that
the inward- and outward-facing transport sites observed in the absence
of inhibitor are merely different conformations of a single site. In
addition, the transport sites on both sides of the membrane together
behave 1ike a homogeneous population of sites when [C1” ], [Br ], or pH
is varied. These results are quantitatively consistent with the ping-
pong model for the transport cycle (Gunn and Frolich (1979) J. Gen.
Physiol. 74, 351-374), in which a single transport site alternates
between the inward- and outward-facing states and can only change states
when occupied by bound anion. The rates of C1~ binding and dissociation
at both inward- and outward-facing transport sites are investigated
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with Cl NMR, and it is shown that each of these rates exceeds
105 s1'te"1 --much faster than the known turnover rate of the
chloride transport cycle (430 events sec451te'% OOC). Assuming that the
rates of the influx and efflux half-turnovers of the transport cycle
differ by 102 or less, it follows that the translocation of the
chloride*transport site complex is the rate-limiting step in both
half-turnovers (see Figure).

The structure of the transport machinery is investigated using
transport inhibitors and proteases. The reversible inhibitor niflumic
acid (NIF) has no effect on the transport site linebroadening: this
inhibitor slows the translocation of bound C1~ in both the influx and
efflux half-turnovers. The covalent, arginine-specific reagents
phenylglyoxal (PG) and 1,2-cyclohexanedione (CHD) each eliminate the
transport site linebroadening: PG modifies an essential residue in the
transport site and CHD slows the migration of C1~ between the site and
solution. The observed PG-sensitivity and pH-dependence of the transport
site linebroadening (pKA = 11.1 Y 0.1, [€17] = 250 mM) indicate that
an arginine residue provides the positive charge in at least one
conformation of the transport site. A search is conducted for the
minimal structure containing the intact transport site: this search
begins with the removal of an innessential part of the transport domain,
followed by monitoring of the transport site linebroadening for change.
A variety of treatments leave some or all of the transport site
linebroadening intact, including: 1) removal of the red cell membrane
nonintegral proteins, 2) proteolytic removal of the soluble N-terminal
domain of band 3, or 3) extensive proteolysis of band 3 by papain, which
reduces band 3 to its transmembrane peptides (3-9 kDa). These results
indicate that the essential arginine, as well as all other residues
essential for C1~ migration and binding to the transport site, are
located on the papain-generated transmembrane peptides. The structural
data presented here strongly support a picture in which the transport
site, including the essential arginine, is buried in the membrane
where it is resistant to proteolysis; and access of the buried site to
solution C1°~ is provided by a channel that can be blocked by CHD. In
summary, the minimal sequence of events in the C1~ transport cycle can
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be schematically illustrated by
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A model is also presented that describes the molecular details of the
jon translocation event: the translocation is proposed to begin when
the transport site positive charge is neutralized by anion binding, so
that a sliding hydrophobic barrier can move past the site and thereby
expose the site to the opposite solution, as illustrated by

210550

I=0=0=-0=0-0

»10°5ec” 2109sec-1

A sliding barrier model could explain the translocation event in many
other membrane transport systems as well.

>>10%5ec!
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CHAPTER I

INTRODUCTION



Ion transport across biological membranes is a fundamental
molecular event in biological systems. Ion transport proteins
are found in the plasma and organellar membranes of every type
of cell, and these proteins are required for energy production,
sensory transduction, neural transmission, muscle contraction,
metabolite transport, and nearly all other biological processes.
Yet at the present time there exists no molecular picture of the
key event in ion transport: the translocation of a bound ion from
one side of the membrane to the other. The object of the present
thesis work has been to shed light on this translocation event
by understanding the structure and mechanism of a particular ion
transport protein -- band 3. More specifically, this work has

3501 and 37

utilized C1 NMR to monitor chloride binding to the
anion transport site of band 3, in order to ascertain the behavior

and structure of the site.

THE FUNCTION OF BAND 3

The band 3 protein of red blood cell membranes is the most
heavily used ion transport protein in typical vertebrate animals:
a simple calculation (1) shows that this protein transports one
to two orders of magnitude more ions/(animal-unit time) than the
H+-ATPase, through which flows most of the chemical energy generated
and used by biological systems. The reason for the surprisingly
large capacity of the band 3 ion transport system is the role of
this protein in the respiration of CO2 (Figure 1). In order to

transport COZ from its site of production to its site of expulsion,



Figure 1

The role of the red blood cell in CO, transport. Shown is the

hydration of dissolved CO2 as catalyzed by carbonic anhydrase
(E), and the physiological anion exchange reactions catalyzed

by band 3 (expanded view).
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animals have evolved an efficient, reversible system in which CO2

gas is enzymatically hydrated inside the red cell; then the re-
sulting bicarbonate jon is transocrted by band 3 to the extracellular
solution which is thereby able to carry most of the dissolved

C0, in the form of bicarbonate (2). Large numbers of ions are
transported by band 3 during this process, and if the band 3
transport cycle were to catalyze net ion transport a prohibitively
large electrical gradient would quickly build up across the mem-
brane. To avoid this buildup band 3 exchanges an anion in the op-
posite direction for every anion transported: thus the band 3
transport cycle results in the passive, electroneutral, one-for-one
exchange of two monovalent anions across the red cell membrane.

The two physiological anions for band 3 are bicarbonate and chloride,
but the protein is also able to transport a variety of other mono-
valent anions in in vitro hetero- and self-exchange experiments (3).
Band 3 is also an important example of a single protein possessing
multiple functions: this protein serves as the attachment poiht on the
membrane for the extensively studied red cell cytoskeleton (Figure

2, (4,5)), and recent studies indicate that 1) band 3 contains an
aqueous pore distinct from its anion transport domain that may

help the red cell adjust its volume while moving through small
capillaries (6); 2) the carbohydrate moiety on the external surface
of band 3 is altered as the red cell ages and may play a role in

recognition of older cells (7) and 3) band 3 is phosphorylated,



methylated, and binds cytoplasmic proteins such as hemoglobin and
glyceraldehyde-3-dehydrogenase (8), although the functions of these
characteristics is not yet known. Due to its role in ion transport
and other processes, band 3 is found in high concentration in the
red cell membrane (106 copies per cell). In fact band 3 is the

most abundant protein in these membranes (9), and when the noninte-
gral proteins are stipped from the membranes, band 3 comprises 70%

of the total membrane protein (8). Thus band 3 provides an important
and practical system in which to study the molecular details of ion

translocation across a biological membrane.

THE STRUCTURE OF BAND 3

The monomer is the unit of ion transport. Band 3 is a single

polypeptide chain of 90-100 kDa. The monomer independently catalyzes
ion transport, since each monomer possesses one binding site for

a variety of stilbene disulfonates (Figure 2), and these di-anions
inhibit transport in a linear fashion such that 100% inhibition

is reached when one molecule of inhibitor is bound per monomer (3).

Band 3 exists in a dimer-tetramer in the membrane.. Band 3

has long been known to exist as a stable, noncovalent dimer in the
membrane and in non-ionic detergents (3). More recently, tetramers
have also been observed in non-ionic detergents by electrophoretic
and centrifugation techniques (8). In the membrane, quantitation
of the number of intramembrane particles by freeze-fracture EM

indicates that both dimers and tetramers are present (8). These



Figure 2

The structure of DNDS. Other stilbene disulfonates have the same

core structure with the -NO2 functions replaced by other groups

such as -N=C=S (DIDS).
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multimeric structures give rise to certain detectable interactions
between monomers: the stilbene disulfonate binding sites on
different monomers in the dimer are sufficiently close to interact,
since larger stilbene disulfonates exhibit a higher affinity for the
first monomer in the dimer than for the second monomer (8). In
contrast, when only one of the monomers in the dimer is labeled

with a large stilbene disulfonate, transport of sulfate by the

other monomer proceeds normally. Similarly, no interactions between
monomers have beendetected for the binding of smaller stilbene
disulfonates (8,1). Thus the transport sites on the different
monomers in a multimer are close to each other but do not interact
during the transport of substrate inorganic anions.

Band 3 contains 7 or more transmembrane segments. The trans-

membrane structure of band 3 has been largely determined by exten-
sive proteolytic, chemical labeling and enzymatic labeling studies
(Figure 3). The protein can be cleaved into two fragments, one
cytoplasmic and the other membrane bound, by trypsin or chymo-
trypsin applied at the intracellular surface of the membrane. The
isolated 40 kDa cytoplasmic fragment forms a one-to-one complex
with ankyrin and thus contains the binding site for the red cell
cytoskeleton (10): the sequence of the first 201 residues of this
fragment have recently been determined (11). The 52 kDa membrane
bound fragment retains anion transport activity, and a 7.5 kDa

region of this fragment as well as several smaller regions have
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Figure 3

The transmembrane structure of the band 3 monomer. Shown are the

proteolytic cleavage sites and the chemical labeling sites that
define the currently known transmembrane segments. Proteolytic
cleavage at site 1 (heavy arrow) releases the cytoskeletal domain
(circled) from the transport domain (boxed). Proteolytic cleavage
at site 2 (heavy arrow) cuts the transport domain into two fragments.
Within the transport domain, the major (solid arrow) and minor
(broken arrow) proteolytic cleavage sites are indicated for chymo-
trypsin (Ch(20)), trypsin (Tr(18)), papain (Pa(13)), and thermo-
lysin (Th(18)). Chemical labeling sites (*(19)) are indicated

125 ) 32

for labeling with 1) I by peroxidase, 2 P, by endogenous

kinase, 3) p—nitropheny]-N,N,N,—trimethy1[]25

I]iodotyrosinate,

or 4) diazotized [3SS]su1fan11ate. The sidedness of all of these
cleavage and labeling sites has been determined, as indicated. Also
shown are two sulfhydryls that can be labeled only from the intra-
cellular side of the membrane (20). Included are the sequence

and proposed structure of a peptide fragment that contains the

7 kDa papain fragment (12,13). The carbohydrate shown is the core

sequence of the carbohydrate moiety on mature red cells (7).
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been sequenced (12,8). The membrane bound fragment also possesses
the attachment site(s) for the heterogeneous carbohydrate moiety
(13,7). Within the next 1-2 years more structural details of the
membrane bound fragment will become available, since work is cur-
rently under way to clone and sequence the band 3 gene (8).

The structure of the transport site remains largely unknown.

The transport site must contain at least one positive charge which
binds monovalent anions, but the essential residues in the transport
site have not yet been identified in the primary structure. The
essential positive charge in the outward-facing site is provided

by arginine, since the titration with external base yields a

pKA= 12.1 for inhibition of anion transport; thus the outward-
facing site cannot contain an essential lysine residue (14). How-
ever, the transport site residues could be different in the inward-
and outward-facing conformations of the site, and the existence of
an essential lysine in the inward-facing site cannot be disproven.
Both arginine-specific and lysine-specific reagents are known

to inhibit transport (8), but it is not known whether these reagents
act at the transport site or elsewhere in the transport unit. The
characterization of transport site structure has been hampered by
the lack of a direct assay for substrate binding to the site:

the observation of transport inhibition is generally difficult

to interpret because an inhibitor could act at one of several
fundamental steps in the transport process, including substrate

binding, translocation, and dissociation.
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One- and two-site models exist for the transport cycle. The

models that have been proposed for the electroneutral, one-for-

one exchange of anions by band 3 fall into two classes: simul-
taneous transport and alternate transport models (3,16). In simul-
taneous transport models, the two anions to be.exchanged each

bind to different transport sites on opposite sides of the membrane;
then they are simultaneously transported in opposite directions.

In alternate transport models, a single transport pocket containing
one or two transport sites is exposed first to one side of the
membrane, then, following anion binding, to the other side. An
important distinguishing feature of alternate transport is that

the transport sites can all be recruited to the same side of the
membrane because the transport cycle proceeds in two distinct
half-turnovers. Such half-turnovers have been observed: when
sealed membranes containing radioactive chloride are suspended in

a chloride-free medium, the inward-facing transport sites bind

and translocate an internal chloride ion to the extracellularspace.
Following release of the ion, the transport site halts in the out-
ward-facing conformation due to lack of substrate, so that the
release of radioactive chloride into the extracellular space

stops (17). This result is highly suggestive; however,. to verify
the alternate transport model, and to ascertain whether one or two
sites are involved in the transport cycle, it is necessary to
directly monitor transport sites, including their distribution be-

tween the inward- and outward-facing conformations.
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THE PRESENT STRATEGY
The approach utilized here to study the molecular events under-

35¢1 and 7

lying ion translocation has been to use C1 NMR to
directly observed chloride binding to band 3 transport sites. The
study begins with an examination of the mechanism of anion transport:
the product of this initial study is a conceptual picture of the
transport cycle. This conceptual picture is then used to help
ascertain the structural elements central to the translocation event.
The results presented here indicate that the transport unit contains
a single transport site, which is alternately exposed to opposite
sides of the membrane during the transport cycle; and the trans-
location of the chloride transport site complex across the membrane
is the rate limiting step of the transport cycle. The transport
site is buried within the membrane, and access to the buried site
is provided by a channel leading from the site to solution. The
site is composed of residues from one or more of the papain-
generated transmembrane segments of band 3, and contains at least
one essential arginine residue. Finally, a model is presented which
summarizes a plausible molecular picture for ion translocation by
band 3.

This thesis is essentially a collection of papers, many of which
were written to stand alone. For the convenience of the reader, the
abstract of eachchapter has been rewritten to provide an overview

which builds upon the preceding chapters and leads into the

following chapters.
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ABSTRACT

The 35C] NMR technique provides a sensitive probe of two important
microscopic events in macromolecular systems: 1) the migration of a
chloride ion from solution to the vicinity of a macromolecular binding
site, which may be buried within the macromo]edule, and 2) the bind-
ing of the ion to the site. The physical basis of this technique is the
large spectral width of chloride bound to a macromolecular site; the

bound chloride spectral width is typically >104

times larger than the
linewidth of chloride in solution (Figure 1, p.22). As a result, when
solution chloride samples a binding site sufficiently rapidly, the site
can cause measurable broadening of the solution chloride Tlinewidth
(Figure 2, p. 29 ). As shown in the present chapter, this increase in
linewidth, or linebroadening, contains information on 1) the concen-
tration of chloride bound to the site, 2) the structure and motions
of the site, and 3) the rate of chloride migration between the site

35

and solution. In the work that follows, the ““C1 NMR technique is

used to monitor chloride binding to band 3 anion transport sites. In

35C1 and 37

addition, C1 NMR are used to assign lower limits to the
rate of exchange of chloride between the site and solution. The results
of this approach reveal many key elements of the mechanism and

structure of the band 3 ion transport domain.
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INTRODUCTION

35

The first ““C1 NMR study of chloride binding to a biological

macromolecule, hemoglobin, was conducted in 1966 by Stengle and

35 37C1 NMR have been

Baldeschwieler (1). Since that time ““C1 and
used to investigate chloride binding to a wide variety of soluble
proteins containing anion binding sites in their active centers,
such as metabolic enzymes that bind either phosphorylated intermedi-
ates or inorganic phosphorous (reviewed in (2)). The first membrane
protein to be investigated using this approach was band 3, which

was shown in 1977 to bind chloride in a study by Shami, Carver,

Ship and Rothstein (3). Band 3 remains the membrane protein most

35C1 and 37

extensively studied by CT NMR: 1in the the present thesis
this technique is used to characterize the anion transport sites of
band 3, and to resolve transport sites on opposite sides of the mem-
brane so that the distribution of sites between the two sides of the
membrane can be monitored. The success of the technique in the

3501 and ¥’

band 3 system indicates that C1 NMR will become an impor-
tant probe of structure and function for membrane-bound proteins
possessing anion transport or binding sites. Recently I demonstrated
the generality of this approach in a study of halorhodopsin, the
light-driven chloride pump of the halbacterium membrane (4).

35C1 and 37

In order to successfully apply the C1 NMR technique
to the study of chloride binding sites on membrane proteins or any
other type of macromolecule, it is important to understand the

limitations as well as the power of the technique. Thus in the
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present chapter a theoretical treatment of the physical processes
that underly the technique is described. As a qualitative intro-

3501 ang ¥

duction to the physical processes important in C1 NMR,
the Timiting cases of chloride in a crystal and chloride freely
rotating in solution are first considered; then the experimentally
important case of chloride exchange between a macromolecular
binding site and solution is examined. In each of these cases

the shape of the 35C1 NMR resonance as well as the important
transverse relaxation processes are described. Finally, I also
derive a quantitative relationship between the NMR relaxation

35C1 and the 37

processes of the Cl1 nuclei in the presence of
chloride exchange which can be used to study the rate of chloride
exchange between a site and solution. The present theoretical

3561 and 37

treatment draws heavily on previous treatments of Cl
NMR by Forsen and Lindmann (2,5), as well as on the NMR theories
of chemical exchange derived by McConnell (6) and specialized for
the relevant case by Swift and Connick (7). However, the present
treatment includes previously unconsidered relaxation processes
and is the most complete treatment heretofore described for the

binding of chloride to a macromolecule.
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QUALITATIVE ASPECTS OF 35C1 NMR IN THE ABSENCE OF CHEMICAL EXCHANGE
The oriented crystal case. Both 35C1 and 37C1 are S=3/2
nuclei and have electric quadrupole moments; thus the following

discussion of 35C1 NMR applies equally well to Ch

C1 NMR. The dis-
cussion begins with an examination of the oriented crystal case,
which best illustrates the range of features that can be exhibited

by a 3501 NMR spectrum.

An S=3/2 nucleus such as 35

C1 possesses four nuclear energy
levels which become nondegenerate in the presence of an applied
magnetic field, giving rise to three allowed transitions (Figure 1).
Here the middle transition (+1/2 -+ -1/2) will be termed the central
transition, and the upper (-1/2 > =3/2) and lower (+1/2 - +3/2)

transitions will be termed the flanking transitions. In the 33

C1
NMR spectrum, the central transition gives rise to 40% of the total
integrated intensity, while the flanking transitions each give rise
to 30%.

The shape of the observed spectrum is largely determined by
quadrupolar effects. When no electric field gradient exists at the
nucleus, as in the case of chloride ion in a vacuum where the chloride
electron cloud is spherically symmetric, the three transitions have
the same resonance frequency and linewidth. As a result, a single

Lorentzian line is observed in the 35

C1 NMR spectrum for the over-
lapping three transitions. In contrast, the nuclear energy levels

are perturbed when the electron cloud surrounding the nucleus has
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Figure 1
The effect of the quadrupolar interaction on the nuclear energy
levels of the 35C1 or 37C1 nucleus. In a vacuum, the chloride

electron cloud is spherically symmetric so that no electric field
gradient exists at the nucleus and the three resonances due to

the 35

C1 NMR transitions overlap to give a simple Lorentzian line.
When the electron cloud is polarized, for instance by a positive
charge, an electric field gradient is created at the nucleus.

This field gradient interacts with the nuclear electric quadru-
pole so that the Zeeman energy levels are perturbed, where this
perturbation is a function of the orientation of the electric
field gradient relative to the applied magnetic field. In the
case of an oriented crystal, tﬁe three allowed transitions lose
their degeneracy and three distinct resonances are observed.

In solution, the rapid tumbling of the electric field gradient

averages the quadrupolar interaction to zero, so that the three

transitions again exhibit the same resonance frequency.
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a symmetry lower than cubic; in this a case a nonzero electric
field gradient exists at the nucleus, and the nuclear electric
quadrupole interacts with this field gradient. At high magnetic
fields, the nucleus remains quantitized along the magnetic field
director and the quadrupolar interaction can be treated as a
first order perturbation. This quadrupolar perturbation shifts

the nuclear energy levels (Figure 1) such that the following expres-

sions hold:
v
E(m;,0) = - Vom + 2(m % - 2)(3 cos’0 - 1) (1)
A = IVQ(3 cos%e - 1) (2)
&f
Vg = (3)

where E(mI,e) is the energy level for the magnetic quantum number

my s VZ is the original Zeeman splitting, © is the angle between the
static magnetic field and the electric field gradient, A is the
observed quadrupolar splitted, VQ is the maximum possible quadrupolar
splitting (0=0), eq is the electric field gradient which is assumed
to have cylindrical symmetry, and eCQ is the nuclear quadrupole
moment. The different energy levels are perturbed by the same magni-
tude but not the same direction, so that for an arbitrary orientation
of the crystal the three transitions no longer have identical reso-
nance frequencies. The central transition retains the same frequency
it possessed in the absence of the quadrupolar interaction, but the

frequencies of the flanking transitions are symmetrically split in
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frequency about the central transition. The resonances observed
for the flanking transitions are the same width, but are broader
than the central resonance for two reasons. First, static
heterogeneity in the crystal causes spatial variation in © so that
different crystal regions exhibit different quadrupole splittings
(Equation 2). Less importantly, lattice vibrations in the crystal
alter both © and the NMR frequencies of the flanking transitions
(Equation 2), and the fluctuating NMR frequencies give rise to a
transverse relaxation pathway that is unavailable to the central
transition. TIn summary, then, for the oriented crystal case a
central resonance (40% of the integrated intensity) and two broader
flanking transitions (each 30% of the integrated intensity) are

35

each observed in the ““C1 NMR spectrum (Figure 1).

The solution case. In solution the complexity of the

oriented crystal spectrum is lost due to rapid tumbling of the
electric field gradient relative to the static magnetic field. If
this tumbling is sufficiently rapid, the quadrupolar perturbation
averages to zero and the energy levels return to their unperturbed
energies. Similarly, the resonance frequency and linewidths of

the three transitions become identical, and the observed spectrum
is a simple Lorentzian line (Figure 1). The condition for this

rapid motion limit is wt. << 1 where w is the NMR frequency and t

c C

is the correlation time for isotropic reorientation of the field
gradient. When this condition is satisfied, the time-averaged

resonance frequencies are the same, and the longitudinal relaxa-
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tion (1/T]) and the transverse relaxation (1/T2) rates are also the
same for the central (c) and flanking (f) transitions (2);
2.2

2r-V
1.1 ]
: e e P (4)

The observed relaxation rate is enhanced by the instantaneous
fluctuation in the energy levels caused by the effect of tumbling

on the quadrupolar interaction; thus the observed Lorentzian reso-
nance is significantly broader than in the absence of the quadruoolar
interaction.

The membrane bound case. The spectrum of chloride bound to

membrane-associated protein binding sites combines elements of both

the crystal and solution chloride cases. A membrane protein tumbles
sufficiently slowly that a specific binding site orientation gives
rise to a bound chloride spectrum similar to that of the oriented
crystal case (Figure 1). However, motional averaging, restricted

to certain directions, may also be present. Restricted but rapid
local motions in chloride binding sites have been proposed to explain
unexpectedly small quadrupolar effects in a variety of protein systems
(2). When suchmotions are present, they reduce the quadrupolar
splitting (Equation 2) observed for a particular average orientation

of the binding site. Thus, the quadrupolar splitting becomes

2

A = IVQ(3 cos“@ - 1)S| (5)
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where the order parameter S can have the values 0 <|S|< 1. Equation
5 can be applied, for instance, to chloride binding to sites on
ghost membranes. In this system the chloride binding sites are
randomly oriented so that thespectrum of membrane-bound chloride

is a superposition of spectra for all average orientations. The
resulting spectrum is a powder pattern (Figure 2) where the split-

ting A is given by:
= 5
A= VoSl (6)

The maximum splitting is achieved only when the order parameter |S|
attains its maximum value of unity. If the bound chloride experi-
ences local motion, the order parameter becomes 0 <S <1. For
local motion that is sufficiently isotropic, the longitudinal

and transverse relaxation rates can be described by simple expres-

sions (2):
1 _ 2 2082 (s 1
Tlc 5 Q 1+4w21C2
2 T
1 _2¢° 2 2 c
f CUTC
T 20902 (— Sy ) (9)
T, 5 1480215 1+lr °
(o} c
2 T
1 T 2 2 c
sl w L g 0150 e b By (10)
Tzf 5 'Q ¢ ¥ Tial 2
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These expressions indicate that two processes contribute to the NMR
relaxation. First, all of the relaxation rates contain contributions
from spin lattice relaxation induced by instantaneous fluctuations

in the energy levels as the electric field gradient tumbles

(Equatiors 7-10). Second, the transverse relaxation of the flanking
transitions contains a contribution from the modulation of the

NMR frequency stemming from tumbling of the electric field gradient
(Equation 10). In summary, chloride bound to a membrane-associated site
generally exhibits a reduced quadrupolar splitting due to a powder
pattern with local motion, and the flanking transitions are broader

than the central transition.

35C1 NMR WITH CHEMICAL EXCHANGE BETWEEN A SITE AND SOLUTION

The effect of chemical exchange on the 43

35

Cl1 NMR spectrum. In

the applications of
35

C1 NMR presented in this thesis, the observed
C1 NMR spectra have simple Lorentzian shapes within experimental
error (Chapter II). This simplicity, which at first glance is sur-
prising due to the presence of membrane binding sites in the samples,
can be easily explained. For all samples used here, the solution
chloride concentration is 3_]03 times larger than the concentration
of bound chloride; thus the Lorentzian shape of the solution chloride
resonance dominates the spectrum. In general, however, the binding
sites can cause broadening of the observed spectrum (Figure 2). This
linebroadening results from the large discrepancy between the

spectral widths of solution and bound chloride: the linewidth of
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Figure 2

The 35C1 NMR spectrum in three different environments. The spectral

width (10°-108 Hz) of chloride bound to a membrane protein is larger
than the spectral width (104-107 Hz) of chloride bound to a soluble
protein, since the membrane bound chloride a) tumbles more slowly and
b) is in a hydrophobic environment that increases the covalency of the
chloride-ligand bond. The bound chloride spectrum is a powder pattern,

while the solution chloride spectrum is a Lorentzian line. When chloride
exchanges between solution and a small number of binding sites, the
solution chloride resonance is broadened but retains an essentially
Lorentzian shape.
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solution chloride is on the order of 10 Hz; while for chloride bound
to a site on a soluble protein the spectral width is 104-106 Hz (2);
and for chloride bound to a membrane associated site the spectral
width will be even largersince 1) the chloride electric field
gradient exhibits slower, more restricted tumbling in a membrane-
bound site; and/or 2) the chloride electron cloud is more polarized
in the hydrophobic environment of a membrane-bound site. Thus even
a small concentration of sites, particularly membrane-associated
sites, can give rise to measurable linebroadening of the solution
chloride resonance when chloride exchanges between the site and
solution. The NMR relaxation processes that underly this line-
broadening are examined in the following discussion of transverse
relaxation rates.

The transverse relaxation rate of chloride undergoing exchange.

The transverse relaxation rate (1/T2) of an NMR transition is the
rate at which its transverse (perpendicular to the static magnetic
field) magnetization decays to the equilibrium value of zero. This
relaxation process determines the linewidth of the transition and

thus measurably affects the shape of the NMR spectrum. For the ap-

35

plication at hand, the linebroadening of the observed ““C1~ resonance

is best understood in terms of the effect of binding sites on the

35

transverse relaxation rates of the three distinct ““C1~ NMR transitions.

35

The ““C1~ NMR resonance is dominated by the contribution from

solution chloride ions in all of the experiments conducted here.
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Using McConnell's modified Bloch equations for chemical exchange (6),
Swift and Connick have treated the exchange problem for the case

in which the unbound species is in vast molar excess relative to the
bound species (7). If the process of exchange between the bound and
free states does not itself induce transitions between spin states,

35C]-

then the Swift and Connick results can be applied to the three
NMR transitions by treating each transition separately. Consider a
set of heterogeneous binding sites. For the n'th transition,
the transverse relaxation rate observed for solution chloride

ions in the presence of the binding sites is:

=-T—]—+ZREX (11)

where 1/T2F is the transverse relaxation rate of free chloride and

REX is the contribution of the j'th type of site

to the excess relaxation rate. A central feature of this relation-
ship is the additivity of the contributions from different types

of sites, so that the contribution of each type of site is indepen-
dent of all others. Hereafter for simplicity a single type of site

will be considered, so that the sum over j is unnecessary:

I

T T
2, 2F

EX (12)

In this case, for a set of identical sites that have different
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average orientations and therefore different average values of the

angle 0, the transverse relaxation rate is given by

1 2
<———7 + Amn,%)+ 1
T T2

T
11,1y, 28 B BF -
T T T Pe
Zn 2F FB S 1 A 2 . 2 + 1
1.2 “n6)" T Tgr | 1 2
ZBn n BF

where 1/T28 is the transverse relaxation rate of bound chloride;
Tyy is the lifetime of chloride in state x before returning to state
Y5 Pg is the fraction of sites that have a particular value of ©;
and Awe, which depends upon ©, is the difference between the resonance
frequencies of free and bound chloride. Equation 13 assumes that
the only pathway available to the bound species is dissociation from
the site and return to the solution. As shown in Chapter V, this
assumption is reasonable in the band 3 system.

It is convenient to recast Equation 13 in terms of familiar
rate constants and concentrations. First note that the characteris-
tic time (TFB) spent by a chloride ion in solution before it binds,

which can be expressed in terms of the on-rate for binding, can also

be related to the off-rate via detailed balancing:

1 _ ON-RATE _ OFF-RATE _,  [e-C1] _ P8 (18)
SR SR CLY P L P
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Here [C]]F is the free chloride concentration, [E:C1] is the bound
chloride concentration, and kOFF is the rate constant for dissocia-
tion. The quantity pg = [EC]]/[C]]F is essentially the fraction

of total chloride which is bound to the site, since it is assumed
[C]]F = [C]]T, where [C]]T is the total stoichiometric chloride con-
centration. Similarly, the characteristic time (TBF) spent by a
chloride ion in the binding site before it leaves can be expressed
in terms of the off-rate:

1 _ OFF-RATE _

1
=k = (15)

Substitution of Equations 14 and 15 into 13 yields the desired

expression:
1 2 1
+ Aw +
p o ™) Tes; Torr
PES . I P (e
2 2F OFF 6 | sz - 2 !

" 1,2 M8 Topt Topp 1, 2

ZBn n OFF

This expression defines the linewidth (=1/nT2 ) of the n'th transi-
n
tion and is easily examined in the limits of slow and rapid exchange.

The slow exchange case. Here the bound and free chloride each

give rise to separate spectra. In general, only the free chloride
spectrum is observed due to the small concentration and large spectral
width bound chloride, yet the binding sites can have an effect on the

linewidth of the free chloride spectra. In order for the slow ex-
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change 1imit to pertain, complete dephasing of the transverse mag-
netization must occur during a single visit by a chloride ion to

a binding site. Moreover, this condition must be satisfied for
all three transitions.

Complete dephasing of the transverse magnetization will occur
upon binding if the intrinsic transverse relaxation time of the
bound chloride (T28 ) is small compared to the lifetime of the
chloride ion in thensite. When this condition holds so that terms

containing 1/t0FF can be neglected in Equation 16, one obtains

p
1 1, B D S (17)

To Top  Topf Top  EX

where R., is the additional or excess relaxation rate relative to

EX
that of free chloride. When T28 << Topp SO that Equation 17

n
holds for each transition, the binding equilibrium is in the slow

exchange limit.

Since for the slow exchange complete dephasing occurs during
a single visit to a binding site, the excess relaxation rate is
simply a consequence of the on-reaction. Thus, it is not surprising
that the excess relaxation rate from Equation 17 is the same as the
on-rate for the binding of a chloride ion to a binding site

(1/1FB = pg/Tgpp» Equation 14). Note that R., is the same for

EX
all three transitions so that in the slow exchange 1limit the transi-
tions have the same linewidth (=1/('rrT2 )). In order for the line-

n
width of the free chloride to be measurably increased, Equation 17
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jndicates that REX must be at least of the same magnitude as the
relaxation rate of pure solution chloride (1/T2F)° Since we have
just shown REX = 1/TFB, the required condition for measurable line-
broadening can be restated: sufficient probability must exist that
a free chloride ion in solution will visit a binding site before
complete dephasing occurs in solution.

These results allow description of the form of the observed
35C1' NMR spectrum for the slow exchange case. As in the case of
pure solution chloride the three transitions have identical line-
widths. Moreover, since bound chloride does not contribute to the
observed spectrum, there is no quadrupolar splitting nor any shift
in the resonance frequency. Instead, the observed spectrum is a
single Lorentzian line centered at the pure solution chloride reso-
nance frequency. If the on-rate for binding is sufficiently large,
then the observed linewidth will be larger than fhe pure solution
chloride linewidth by the amount pB/(ﬂ'TOFF) = kOFF-[E-CI]/
([C]]T-n).

The rapid exchange case. In the rapid exchange limit each

chloride ion visits a Targe number of binding sites before complete
dephasing of the transverse magnetization occurs. The binding

sites that a chloride ion visits have different but random average
orientations. Thus, one feature of the rapid exchange 1limit is that
the quadrupolar splitting (Figure 2, Equation 5) is essentially
averaged to zero, due to the rapid sampling of different binding site
orientations that occurs upon successive visits to different sites

(pseudo-tumbling).
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The observed resonance frequency in the rapid exchange limit
is typically similar to, but not identical to, the resonance fre-
quency of solution chloride. If a chemical shift occurs upon bind-
ing, all three of the bound chloride resonances are shifted by the
same amount and in the same direction. Due to the rapid exchange
of chloride ion between the bound and free states, the ion experi-
ences an average environment. As a result, each transition gives
rise to a single exchange-averaged resonance rather than separate
resonances for bound and free chloride. The three different transi-
tions give rise to three different exchange-averaged resonances
that have the same resonance frequency, since pseudo-tumbling
averages the quadrupolar splitting to zero. However, the observed
exchange-averaged resonance frequency is the weighted average of
the central frequencies of the bound and solution chloride spectra.
In particular, the difference between the central frequencies of the

exchange-averaged and solution chloride spectra is given by

A0gg = PgAo (18)

where Ao is the difference between the central frequencies of the
bound and solution chloride spectra. Equation 18 assumes that the
fraction of the total chloride which is bound at any moment satis-
fies Pg << 1. This condition is satisfied in the experiments pre-
sented here since Pg S 10'3. The quantity Ac is typically in the
range 100-200 Hz (assuming a resonance frequency of 10 MHz and a

chemical shift of 10-20 ppm, which has been observed for chloride
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binding to micelles of alkylammonium ions (2)). For such a case,
Equation 18 indicates that the central frequency of the exchange-
averaged 35C1_ NMR spectrum will be essentially the same as that
of solution chloride.

The transverse relaxation rate for the rapid exchange case
can be derived from Equation 16 using the condition 1/TSFF >>

1/T2§ » (Bw é), which states that for each transition the off-
n : ]

rate of a bound chloride ion is much larger than both a) the bound

chloride transverse relaxation rate, and b) the resonance frequency

shift that occurs upon binding. In this limit, Equation 16 becomes
2

o1 ) . -
T STt PeTopr (e, o) * 7 = 7=t Ry (19)

*T
2, 2F 2B "OFF 2F

where the quantity (A has been averaged over all © wusing the

“n,e)
weighting function Po- According to Equation 19, the excess relaxa-

tion rate can be dominated either byl/TZB or Amn o
n - &

2
In the case 1/T > (Aw 2) the excess relaxation rate be-
comes
Pg
Rex = T, (20)
ZBn

where the intrinsic binding site transverse relaxation rate 1/TZBn
is dominant. Note that when this relationship holds, the transverse
rate (=1/T2F + pB/TZBn) is simply the weighted average of the intrin-
sic relaxation rates of free and bound chloride (pF = 1 due to the

vast excess of free chloride). The value of 1/TZB is the same for
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the flanking transitions but the central transition can have a
]/T2Bn that is smaller. This difference in ]/T2Bn between different
transitions vanishes in the limit WTe << 1 (the extreme narrowing
1imit) where Wy is the resonace frequency of the n'th transition and
1. is the correlation time for isotropic tumbling.

C

In the case (Amn :

@) >> 1/(TZB 'TOFF)’ the excess relaxation

rate becomes
- 2y
Rex = Pg’ TOFF'(A‘*’n,e) (21)

where the resonance frequency shift that occurs upon binding is
dominant. For the flanking transitions, Awf,@ = Ao + Ay, where

Ao is the resonance frequency shift that occurs upon binding, and

A] is the quadrupolar splitting defined in Equation 9. The quantity
of interest (Amf,g) can be calculated by averaging over a uniform

distribution of © to yield

2mV.S

Q (22)

The central transition is unaffected by quadrupolar splitting so
that (Amc,g) = Acz. Thus, the quantity (Awn,g),which is the same
for the flanking transitions, is generally larger for the flanking
transitions than for the central transition. However, when the

order parameter S becomes zero, the three transitions have the

same value of (Awn g).
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It is interesting to note that the intrinsic binding site
relaxation rate 1/TZBn dominates the excess relaxation rate even
when ]/TZBZ = (Amn’g) (Equation 20). The basis for this dominance
becomes obCious when the decay of the transverse magnetization is
described in terms of a one-dimensional random walk. The decay of
the transverse magnetization is due to fluctuations that, to a
first approximation, can be described as random walks in resonance
frequency. The intrinsic transverse relaxation of bound chloride
is caused by fluctuations in the length and orientation of chloride-
ligand bonds. These fluctuations are fast; thus a large number of
random walk steps occur during a single binding site visit. In
contrast, in the random walk due to Awn each binding site visit is
only a single step. Thus,relaxation due to Awn tends to occur more
slowly than that due to the intrinsic 1/T28 .

A measurable 1increase in the so]utio: chloride Tinewidth
will occur only if the excess relaxation rate is at least the same
order of magnitude as the transverse relaxation rate of pure solu-
tion chloride (Equation 19). When the inherent binding site

transverse relaxation dominates (Equation 20), this condition becomes

1 pg _ Torr | (ECT] * Kopr
< = ¢

T,c T T

2F © 28 2B [cile

(23)

When the frequency shift that occurs upon binding dominates (Equa-

tion 21), the condition becomes
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e 27 = o - T 2y o BB~ K

1 .. 2.
T,r < P Torr {don g) = Topp * (80 o) (24]
TR

Recall that in the rapid exchange limit the conditions TSFF/ng_,
TO%F (Amn,g) << 1 both hold. Thus, measurable broadening is ob1
served only when each chloride ion makes a large number of binding
site visits on the timescale of T2F' This is necessary because
each binding site visit only slightly dephases the transverse mag-
netization of the spin. '

In summary, the presence of binding sites can significantly alter
the 35C1 NMR resonance of solution chloride when the exchange of
chloride between binding sites and solution is in the rapid exchange
limit. In this limit the three transitions have the same exchange-
averaged resonance frequency which differs negligibly from the
resonance frequency of solution chloride. However, the linewidths
(n.Tzn)'] of the three transitions can be significantly different;
in particular, the linewidths of the flanking transitions can be
larger than that of the central transition. As a result the ex-
change-averaged 35C1' NMR resonance is generally a superposition
of two Lorentzians: the broader one stems from the flanking transi-
tions and possesses 60% of the total integrated intensity, while
the narrower one stems from the central transition and possesses
40% of the total integrated intensity. In the experiments presented

here the difference in linewidth between the two Lorentzians is in-

significant so that the observed resonance is well approximated
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by a Lorentzian curve with a single linewidth. Then, from
Equations 20 and 21 the linebroadening is: pB-(n-TZB)'] when the
ijntrinsic binding site transverse relaxation ddminates; or

pB’TOFF'AmZ/W when the binding site frequency shift dominates.

THE QUANTITATIVE RELATIONSHIP BETWEEN THE 3°C1™ and 3717 LINE-
BROADENING
Comparison of the 35C]- and 37C1' linebroadenings. The line-

37

35017 or 3717 NMR

broadening is defined as the increase 1in the
linewidth due to the presence of chloride binding sites. Such line-

broadening is observed only when chloride exchanges sufficiently

35

rapidly between the site and solution; as a result,both the ~°C1~

37

and °'C1” linebroadenings contain information on the rate of

chloride exchange between the two environments.

35 37

Both "“C1 and "' Cl1 are spin 3/2 nuclei with essentially

identical NMR properties so that the same NMR relaxation processes
are important for both nuclei. However, the quadrupole moments

35C1 and 37C1 are measurably different, and this difference can

of
be exploited to ascertain whether the chloride exchange between the
site and solution is slow or rapid on the NMR timescale. In par-
ticular, in the slow exchange 1imit the linebroadening is insensi-
tive to the difference between the quadrupole moments, while in the
rapid exchange limit the linebroadening is sensitve to this differ-

35 37

ence. As a result, the ratio of the “°C1” and “'C1” linebroadenings

is unity for slowly exchanging sites but deviates from unity for
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35C1-/37C1- Tinebroadening

rapidly exchanging sites. In fact, the
ratio can be used to characterize a site as slowly or rapidly ex-
changing site on the appropriate NMR timescale, and once the
characterization has been made the maximum information on chloride
exchange rates can be extracted from the linebroadening. For a
slowly exchanging site, the linebroadening completely specifies

the chloride binding and dissociation rate constants (kON and kOFF)
and the chloride dissociation constant (KD = kOFF/kON)’ while for
a site in the rapid exchange 1imit lower limits can be placed on

these rate constants.

The slow exchange 1imit. A simple derivation will show that

a site in the slow exchange limit has a 35C1'/37C1' linebroadening
ratio of unity. This limit occurs when each of the three 35C1' or
3761 NMR transitions fulfills the condition

“orF = M%orr >> ToB_ (25)

where TOFF is the length of time a chloride ion typically remains is

the site, and TZB is the intrinsic NMR relaxation time for the nth
n

transition when chloride is bound to the site. In this case, com-

plete dephasing of the transverse magnetization occurs for a bound

35~ - 37 5q-

chloride ion before it can leave the site, and the ““CI C1

linebroadening (6=REX/v) for each transition is given by Equation 17.

§ = kOFF pB/'" (26)
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where pg is the fraction of total chloride in the sample that is
bound to the site. The quantity pg can be rewritten when the free
chloride concentration ([C]'])F is essentially equal to the total

chloride concentration ([C]-]T):

[cr- ) [E]
Pg = ECI = {[E]; -'-17--5-— ///[C1 Ir = — (27)
[c173; [C171 + Ky [C17]; + K

where EC1 is bound chloride, [E]T is the stoichiometric concentra-
tion of site E, and KD is the dissociatioh constant for chloride

at site E. Combining Equations 26 and 27 yields the desired result:

o LEr o korr [Elr  korr

H 1A P T [0y + (kgpp/koy)

(28)

35

The quantities kON and kOFF are essentially the same for “°C1~ and

37617 since ions of such relatively large mass exhibit a negligible

kinetic isotope effect. Thus, for a given [E]T and [Cl']T the
35C]'/37C1" linebroadening ratio is simply

355/375 =1 (29)

This value of unity is diagnostic for the slow exchange case.

3

Once a site has been shown by its 5c1'/37C1' linebroadening

ratio to be in the slow exchange limit, then (assuming that [E]T
is known) Equation 28 can be used to determine the values of kON

and kOFF' In particular, a plot of § vs. [Cf]T will yield best-

fit values of both kON and kOFF' It is interesting to note that
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when the site is far from saturation ([Cl']T << KD), the Tine-

broadening is controlled by the on-reaction (Equation 28):
§ = [E]TkON/n (30)

In contrast, when the site approaches saturation ([CT'"].r >> Kp)

the off-reaction dominates (Equation 28):
5 = [Elpkope/ (n[C171p) (31)

These simple 1imiting behaviors stem from the fact that in the slow
exchange 1imit the linebroadening is equal to the rate that a
chloride in solution becomes bound to the site. When the site is
far from saturation, the on-reaction is rate-limiting and controls
the binding rate, whereas,when the site is near saturation, the
off-reaction is rate-limiting and controls the binding rate.

The rapid exchange limit. Here it will be shown that a site
35

¢17737¢1™ 1linebroadening
35 37

in the rapid exchange Timit exhibits a

ratio of 1.6. This 1imit occurs when each of the ““C1 or “"'Cl NMR

transitions fulfills the condition

2 2 7y
“orF > Top » (B4, (32)

where Ame i is the frequency shift for the nth

occurs upon chloride binding, which depends upon the orientation

transition that

(0) of the electric-field gradiént at the nucleus relative to the
direction of the magnetic field. In this 1imit achloride ion can

visit many sites before complete dephasing of the transverse
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magnetization occurs, and the 35C1- or 37C1' linebroadening of

the nth transition is given by:

g (2, Korr
§ = (bwg )+ (33)
Ropg || 0N To8
It is important to examine (Amg n)’ which can be explicitly written
d;?) for +‘% - - %-transition
( 2 ) -
Bug 4
2 Z 1 3 ‘L
(o + 2mVg (3 cos“® - 1)S) for - 5 +-% transition and
3-» l 1t13
+‘7 + 5 transition

(34)
where o is the frequency shift of the central transition that occurs

upon binding, VQ is the quadrubo]e coupling constant, and S is the
order parameter associated with the motional averaging of the nuclear
electric quadrupolar interaction experienced by the bound chloride
during its lifetime at the site. The quantity o complicates the
analysis of the line-broadening ratio because the central frequency
shift is independent of the quadrupole moment, while the quantities

VQ and TZBn are each dependent upon the quadrupole moment. For-
tunately, in the experimental system employed here, the o term con-
tributes at most 0.5% of the observed 1linebroadening due to band 3

transport sites (Table 1) so that this term can be neglected and

the Tlinebroadening becomes
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(
Pg
“TZB for + % --% transition
< n
5 =
T fPumv— 11512 + KorF 1 3 .
EEEFF mVq{3cos - TZB for - i transition and
- R 3 1 .
+-§ > +-§ transition

(35)

or, when the 6 term is averaged over a uniform distribution of 6

f

Pg for + 1 1 t cps
"TZB or 77 ransition

n
5 =(

Py 4 2 . Forr 1. 3
ﬂkopp g.(zﬂst) + Tos for - 5 > - » transition and
9 n

+ %-+ +-% transition

(36)

The quantities VQ and TZB each are related to the quadrupole moment

n
(Q):
_ 2
Vg = ¢4Q and 1/T28n = C,Q (39)

35 37

where C] and C2 are constants that are the same for “°Cl1 and “'C1,

assuming that the dependence of TZB on the NMR frequency is not im-
n

portant because the 35C1 and 3701 NMR frequencies are quite similar



48

(8.8 MHz and 7.3 MHz, respectively, in the present study). Noting
that the kinetic isotope effect is small so that the value of kOFF

35 37

and pg are the same for C1~ and “'C17, the desired final result

is obtained by combining Equations 35 and 36:
35
s/37s = ()% (37Q)% = 1.6 (38)

This value is measurable larger than unity and thus may be used to

distinguish the rapid exchange limit from the slow exchange limit.
In general, kON and kOFF cannot be determined from the line-

broadening in the rapid exchange 1limit unless the quantities

Pg» VQ, S, and TZB are all known. Yet a Tower limit still can be

n
placed on kON and kOFF because Equation 33 can be rewritten as

By o
§ = (kopp Pg/™) { (8wy o) TorF * Torf/ Tzsn} (39)

and from Equation 32 the bracketed quantity is << 1. Thus, in

rapid exchange limit

§ << kOFF pB/w . (40)

By analogy with Equations 30 and 31, Equation 39 can be rewritten

for the case [C17] << KD where the site is far from saturation
§ << [E]T kON/v (41)

or, for the case [Cl']T >> KD where the site is near saturation
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§ << [E]TKOFF/([C1-]TW) (42)

These equations provide lower limits on kOFF and kON when [E]T

and [Cl']T are known. Such lower limits can be quite useful for
certain applications, as in the determination of the rate-limiting
step in a reaction that involves chloride binding and/or dissocia-

tion.

35 37

APPLICATIONS OF ~“C1 AND “°C1 NMR TO MACROMOLECULAR ANION BINDING
SITES
A variety of information about an anion binding site can be

3501 ang 37

obtained using the C1 NMR technique. In general there
is not sufficient information to allow determination of the con-
centration of sites; however, the work presented in this thesis

uses 35C1 and 37

Cl NMR: 1) to determine the chloride dissocation
constant of a chloride binding site; 2) to determine the affinities
of anions other than chloride for the site by competing those

anions with chloride for binding to the site; 3) to resolve sites

on opposite sides of a membrane; 4) to place lower 1imits on the rate
of exchange of chloride between a site and solution; 5) to investi-
gate the identity of essential amino acids in the site by monitor-
ing chloride binding as a function of varying pH, covalent modifica-
tion of transport site residues, or proteolytic removal of peptides
unnecessary for transport site structure; and 6) to study inhibitors
that leave chloride binding to a site intact but hinder the migra-

35

tion of chloride between the site and solution. Thus the ~““Cl1 and
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37C1 NMR technique can be used to characterize many of the structural

and functional aspects of a chloride transport or binding site.

There is one potential source of serious misinterpretation

30 37 35

in “°C1 and “'C1 NMR studies. Many applications of the ~““Cl1 and
37C1 NMR technique are based on the observation of linebroadening
jnhibition. Historically, when a linebroadening due to a chloride
binding site is inhibited, it has virtually always been assumed
that the site itself can no Tonger be occupied by chloride (pB = Q,
Equation 16). This is a dangerous assumption, since an equally
plausible exp]anatioﬂ for Tinebroadening inhibition is that the
exchange of chloride between the intact site and solution is hin-
dered (TOFF = o, Equation 16). Thus when Tinebroadening inhibition
is observed, an attempt must be made to determine whether the

locus of inhibition is the binding site itself, or the pathway

that chloride transverses when migrating between the site and
solution. In practice, these two possibilities are easily resolved;
binding site inhibitors compete with chloride for binding to the
site, such that the affinity of this inhibitor for the site

depends on the chloride concentration (and vice-versa). In con-
trast, channel blockers occupy a substrate channel leading from
the substrate site to the solution, and if the blocking site is
sufficiently far from the substrate site, the affinity of the in-
hibitor will be independent of the chloride concentration. Alter-

natively, an inhibitor could lock bound chloride into the substrate

site so that the exchange between the site and solution is slow;
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in this case the affinity of the inhibitor will increase as the
chloride concentration increases. The importance of this type
of analysis is emphasized by the fact that at least two of these
types of linebroadening inhibitors have now been cbserved

(Chapter VII).

]Another explanation, which is much less plausible, is that the
structure of the site is altered so that a decreases while
chloride binding and migration to the site are unaffected.
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CHAPTER III
IDENTIFICATION OF THE BAND 3
TRANSPORT SITE
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ABSTRACT

The first step in the use of 35

35

C1 NMR to study a C1~ binding site
js the identification of the ““C1~ linebroadening due to that site. The
membrane systems used throughout the present thesis are isolated red

cell membranes that retain all of their native membrane 1ipids and pro-
teins. These membranes rigorously maintain band 3 in its functional
state, but they possess an unknown number of irrelevant C1~ binding

sites in addition to band 3 transport sites; thus, the transport sites
must be resolved from a background of other sites. Here it is shown

that 35C1 NMR enables direct and specific observation of substrate C1~
binding to band 3 transport sites, which areidentified by a variety of
criteria: 1) the sites are inhibited by 4,4'-dinitrostilbene-2-2"'-
disulfonate or DNDS, which is known to inhibit competitively C1~ bind-
ing to band 3 transport sites; 2) the sites have affinities for DNDS
and C1~ that are quantitatively similar to the known affinities of

band 3 transport sites for these anions; and 3) the sites have relative
affinities for C1°, HCOQ, F~ and I~ that are quantitatively similar to
the known relative affinities of band 3 transport sites for these

anions. The 35

Cl1 NMR assay also reveals a class of low-affinity C1~
binding sites (KD >> 0.5 M) that are not affected by DNDS. The function
of these background low-affinity sites is unknown, but they may be
responsible for the inhibition of band 3 catalyzed anion transport that
has been previously observed at high anion concentrations. In the
following chapter, the distribution of transport sites between the

inward- and outward-facing conformations is investigated, thereby

enabling tests of the mechanism of anion transport.
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INTRODUCTION

Band 3 is an integral membrane protein in human erythrocyte membranes.
The protein consists of a single polypeptide chain (MW = 95,000) and
although the catalytic unit is thought to be the monomer (1), the protein
exists in the membrane as a dimer (2). Band 3 has at least two functions,
one structural and the other physiological. The cytoplasmic portion of this
protein contains the site to which the red cell cytoskeleton binds and
thereby is anchored to the membrane (3,4). Completely unrelated to this
structural function is the role of band 3 in the respiratory system,
where it facilitates the transport of CO2 by the bloodstream. As the
central component of the Hamburger (or chloride) shift, band 3 exchanges
HCOé, which is prodﬁced from CO2 and HZO by carbonic anhydrase inside
the cell, for C1~ on the other side of the membrane (5-7). This exchange
process allows the serum to carry the bulk of the dissolved CO2 in the
form of HCOB. The physiological importance of this exchange process
is illustrated by the fact that the band 3 system is the most heavily used
ion transport system in a typical vertebrate animal such as man.

I believe that an important current goal of membrane biochemistry
should be to understand, in molecular terms, the anion transport event

which occurs within this relatively simple and easily obtainable band 3
protein.

The mechanism of band 3-catalyzed anion exchange has been extensively
studied in kinetic experiments; for a review, see (1). These kinetic
studies have stimulated the development of a variety of models (1,8-15)
for the exchange process, all of which postu]éte the existence of one or

more transport sites that bind substrate anion during the transport event.
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The existence of transport sites is suggested by the saturation kinetics
that are observed at high concentrations of substration anion (1); how-
ever, saturation kinetics are also exhibited by ion channels that re-
quire single-file passage of ions (16). Thus, I have attempted to ob-
serve directly transport sites using an assay for substrate (chloride)
binding to band 3.

Chloride binding to protein binding sites has been studied in a
large number of water-soluble protein systems using 35C1 NMR, and the
theory and practice of this approach have been the subject of extensive
reviews by Forsen and Lindman (17,18). Rothstein and his co-workers (19)

first showed that 35

C1 NMR can be used to study the binding of chloride
to band 3; the work presented here and in the following chapters improves
upon this technique and extends its application. In the chapter at

hand 35

C1 NMR 1is used to observe two classes of chloride binding sites
on leaky red cell membranes. One class is composed of low-affinity
sites that may include nonspecific chloride binding sites, whi]e the
other class is composed of high-affinity chloride binding sites. The
high affinity sites can be identified as band 3 transport sites by
studying their affinity for a variety of anions: chloride, fluoride,
iodide and bicarbonate, as well as the inhibitor of anion exchange
4,4'-dinitrostilbene-2,2"'-disulfonate (or DNDS). Surprisingly,

no evidence is seen of an inhibitory chloride binding site termed

the modifier site (20) which has been thought to be present on band 3.
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MATERIALS AND METHODS

Reagents. 4,4'-dinitrostilbene-2,2'-disulfonic acid, disodium
salt (DNDS, Pfaltz énd Bauer) was recrystallized one time as follows:
10 g DNDS was dissolved in 200 ml boiling H20; 100 m1 saturated NaCl
in H20 (24° ) was added; the suspension was cooled (4° C) overnight;
and the crystals were isolated and washed with 60% saturated NaCl in
HZO (O0 C). When the crystals were redissolved in H20, they gave a
single absorption maximum at 353 nm and the A353/A310 ratio was 2.25,
indicating pure or nearly pure trans isomer (22). Used without further
purification were: 020 (Aldrich); phenylmethylsulfonylfluoride (PMSF,
Sigma); and dithiothreitol (DTT, Calbiochem). A1l other chemicals used
were reagent grade or better.

Preparation of Ghost Membranes. Freshly outdated human blood

packed red cells) was a kind gift of the Los Angeles Chapter of the
American Red Cross. Two units of any type were mixed and ghost membranes

were prepared essentially as described previously (23,24). The following

modifications were necessary to produce large quantities of leaky ghost
membranes (~100 ml of pellet) which were not crushed by the forces of
centrifugation (see following paper (21)). The entire preparation was
carried out at 0° to 4° C using a Sorvall GSA rotor, and the efficiency
of all washes was maximized by filling the centrifuge bottles to
maximum capacity. The packed red cells were aliquoted into six 250 mi
centrifuge bottles and suspended in PBS (150 mM NaCl, 10 mM NaH2P04,

pH to 8 with NaOH). The cells were pelleted by centrifugation at

8000 rpm (10,400 x gmax) for 20 miny then the supernatant and buffy
coat were removed by aspiration. The cells were washed twice more

by resuspending each time in PBS, then pelleting (10 min at 3000 rpm
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or 1500 x g _ ), then aspirating away the supernatant. Following

max
the washes the cells were lysed. The pellets were resuspended in

5p8(+) (or 5 mM NaH2P04, pH to 8 with NaOH, 130 uM dithiothreitol and

10 uM PMSF) then the membranes were pelleted by centrifugation at

11,000 rpm (19,700 x gmax) for 20 min. The supernatant and the dense
pellet underlying the membranes were removed by asbiration. This wash
cycle in 5P8(+) was repeated six or seven times until the supernatant

was colorless. The resulting leaky ghost membranes possessed the tynically
observed range of shapes from biconcave to spheriéa],and few (~5%)crushed
ghosts are produced (see following paper (21)). The membranes were used

within four days and were stored at 4% c.

NMR Sample Preparation. In all experiments samples were made on ice

by diluting the ghost membrane pellet from the above preparation with an
equal volume of ice cold 2 x NMR buffer (see figure and table legends
for final buffer compositions). Samples that were compared to each
other, for instance those plotted in the same figure, were always made

using aliquots of the same membrane suspension. Samples were always

prepared and stored on ice and were assayed using 35C1 NMR the same

day, within 10 hrs of preparation.

For experiments with added DNDS, a sufficiently large volume of
ghosts in NMR buffer was aliquoted to give identical samples; then an
appropriate volume of inhibitor (in H20) stock solution was added to
each sample to give the desired final inhibitor concentration. The
same total volume (50 ul per ml sample) of inhibitor stock plus HZO
was added to all the related samples so that they were identical except
(when appropriate) for the inhibitor concentration. Dueto the light-

sensitive nature of DNDS, the DNDS stock solution was stored in darkness
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and was used only if it satisfied the conditions A353/A310 22.20 (or,
more than 95% trans isomer, the cis isomer being inactive (22)). Also,
for routine assays excess DNDS (1.0 mM total, which gives ~0.9 mM unbound)
was used so that full inhibition of the DNDS-sensitive linebroadening was
ensured even if some degradation occurred.

Samples containing different amounts of the anions chloride, bi-
carbonate, fluoride, or iodide (Figures 5 and 6) were prepared by
diluting 1 vol. of membranes with 1 vol. of a different 2 X NMR
buffer stock for each anion concentration. The ionic strength was held
constant in all samples by including a sufficient amount of citric
acid (pH to 8.0 with NaOH). Thus, enough citrate was added to make
the ionic strength the same as that of the sample containing the highest
concentration (500 mM, Figure 5, or 200 mM, Figure 6) of the varying
anion. No citrate was added to the latter sample.

35C1 NMR Spectroscopy. The spectra were obtained using one of two

NMR spectrometers: a JEOL FX-90 C1 resonance frequency is 8.8 MHz)

or a Varian XL-200 (35C] resonance frequency is 19.6 MHz). The standard

parameters for spectral acquisition were as follows. The spectral width

was 1000 Hz, containing 256 data points and centered on the solution chloride

peak in the 35

C1 NMR spectrum. Using 5 mm or 10 mm sample tubes, from
1000 to 3000 pulses were accumulated for up to 6.4 minutes (3000 pulses)
at 3° C without sample spinning. An extra linebroadening of precisely
10.0 Hz was added to all samples during data processing to improve signal/
noise, and the number of Fourier-transform points was zero-filled to over

8000 to smooth the spectrum (see (25)). The central 500 Hz of the

Spectrum was plotted and the linewidth of the 35C1 peak at half height



60

hand measured. For all experiments the same acquisition parameters
were used for samples that were compared to each other, for instance,

those plotted in the same figure.

NMR Sample Analysis. After NMR spectra were obtained, samples were

stored overnight at 4% ¢ before chemical analysis. Total ghost protein was
determined using the modified (26) Lowry protein assay (27) that has

been developed for use with membrane samples. The concentration of
nonmembrane-bound DNDS was determined essentially as described elsewhere
(28,29). The membranes were pelleted by centrifugation for 45 min at

15,000 rpm (29,000 x g ___) in a Sorvall SS-34 rotor, 3 ml tubes. The

max
optical absorbance of the supernatant was measured and corrected for
the background absorbance present in supernatants containing no inhibitor.
The DNDS concentration was calculated using the molar extinction

: - 4
coefficient ejg5 = 3.0 x 10 (22).

Statistics. All confidence 1limits for means and for best-fit

(nonlinear least-squares) parameters are given as + one standard

deviation for n > 3.
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RESULTS

The 35C]' NMR resonance. For chloride in aqueous solution, the

35

chloride 35C1 NMR spectrum (here termed the ““C1~ NMR spectrum) contains

a single resonance of Lorentzian shape (Figures 1,2). Within experimental
error, the shape of the observed resonance remains Lorentzian when leaky
ghost membranes are added (Figures 1,2). Note, however, that the linewidth
at half height of the resonance is increased by the membranes (Figure 1).
This Tinewidth increase is due to the presence of membrane-bound chloride
binding sites. In the following the linewidth increase will be used as

an assay for these sites; but first it is necessary to a) examine the

characteristics of the 35

C1~ NMR spectrum and b) demonstrate the validity
of the binding site assay in the leaky ghost system.

Identity of the Chloride Ions that Give Rise to the Observed35C1'

NMR Resonance. At a given instant in time, the chloride ions in a

suspension of ghost membranes can be divided into three populations:
chloride ions in the extracellular solution, chloride ions in the intra-
cellular solution, and chloride jons bound to the membranes. The
Lorentzian shape of the observed 35C1' resonance indicates that the
resonance stems from a homogeneous population of chloride ions. This
homogeneous population contains 100 + 2% of the total number of chloride
ions in the sample (from integration of the spectra used to generate
Figure 2). Thus the observed population is large compared to the

population of chloride bound to macromolecules (total protein < 10 um,
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Figure 1

35

The effect of ghost membranes on the “”C1~ NMR spectrum. Shown are

typical spectra obtained at 19.6 MHz and 3°C using standard A8cTE

linebroadening assay parameters (see text). Upper spectrum: with
leaky ghost membranes, 1.4 mg/ml total ghost protein. Lower spec-
trum: without ghost membranes. The linewidths at half height are
34.5 Hz and 27.1 Hz for the upper and lower spectra, respectively.
Each sample contained: 250 mM NH4C1, 5mM NaH2P04, 20% DZO, pH to
8.0 with NH4OH. The two spectra are plotted at the same absolute

intensity.
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Figure 2

35

The lineshape of the ““C1~ NMR spectra. Spectra for samples con-

taining leaky ghosts (M), ghosts plus 1% SDS (@) and no ghosts

( O ) were normalized so that the absorption intensity (g(vo))

of each spectrum at the resonance frequency (vo) was 1. Then the
absorption intensity (g(v)) at other frequencies (v) was measured
and the inverse of the absorption intensity (1/g(v)) was recorded
in this plot which Tinearizes Lorentzian spectra. The solid lines
are nonlinear least-squares best-fit curves. The straight lines
show the best-fit Lorentzianlineshapes and the curved line shows
the best-fit Gaussianlineshape for the ghost (M) points. The
buffer was: 250 mM NaCl, 5 mM NaH2P04, 20% 020, pH to 8.0 with

NaOH. Spectral parameters were 19.6 MHz, 3°C and standard assay

parameters (see text).
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observed chloride 250 + 5 mM), and it follows that the bulk of the
observed population are solution choride ions.

Both the intracellular and extracellular populations of solution
chloride contribute to the observed 35C1' resonance. The ratio of
jntracellular: extracellular chloride ions in these samples is ~25:75
(ca]cu1ated assuming 100 um3 total volume and 6 x 10'10 mg total protein per
ghost membrane). The integration data indicate that the majority of
chloride ions in both compartments are visible. The fact that these
two populations give rise to a 35C1' resonance due to a homogeneous popu-
lation of chloride ions is not surprising, since large holes exist
in these leaky ghost membranes ((30); see also following chapter (21)).
These holes should allow rapid exchange of chloride ions between the
intra- and extracellular compartments such that the intra- and extra-
cellular solution chloride ions are chemically equivalent on the NMR
timescale. Thus, the 35C1' NMR resonance of samples that contain
ghost membranes is best described as the spectrum of a homogeneous
population of solution chloride ions whose linewidth is perturbed

(increased) by the presence of chloride binding sites.

Further Analysis of the Observed 35C1' Resonance. Two characteristics

of the observed 35C1- NMR spectrum deserve further explanation. First,
the shape of the observed spectrum is simple, despite the fact that the
35C1 nucleus (S=3/2) actually gives rise to three distinct NMR transi-
tions. Secondly, the increase in linewidth caused by ghost membranes
is of interest because this effect forms the basis of the assay for

chloride binding sites used here.
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Both the shape and the width of the 35C1- spectrum are largely
controlled by the effect of the quadrupolar interaction on the three
35C1' NMR transitions. The 35C1 nucleus possesses an electric quadru-
pole moment, which interacts with the electric field gradient at the
nucleus. The magnitude of this field gradient is large when the
chloride ion's electron cloud is polarized by an asymmetrical ligand
environment. However, the effect of the field gradient on the 35C1'

NMR spectrum is decreased when the chloride-1igand complex tumbles
sufficiently rapidly to partially or completely randomize the direction
of the field gradient.

The tumbling of hydrated chloride in aqueous solution is unrestricted,
essentially isotropic and rapid. Under these conditions the quadrupolar

35C1' NMR transitions

interaction is averaged to zero and the three
have identical resonance frequencies and linewidths so that they sum

to give a Lorentzian absorption (Figures 1,2). In contrast, a large
quadrupolar interaction occurs when chloride binds to a slowly tumbling,
asymmetric binding site on a macromolecule. The large quadrupolar inter-
action causes differences in the resonance frequencies and 1linewidths

of the three transitions so that the spectrum is no longer Lorentzian.
However, in the experiments presented here, free chloride in solution is
present in large molar excess relative to chloride bound to macromolecules.

Thus the solution chloride spectrum with its Lorentzian shape dominates

the observed spectrum, even in the presence of ghost membranes (Figures

1,2).
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35C1- NMR resonance in the

The increase in the linewidth of the
presence of ghost membranes is due to the exchange of chloride between
solution and chloride binding sites associated with the membranes
(Figure 1). Due to the quadrupolar interaction and to shifts of
resonance frequencies that occur upon binding, the Tinewidth of a
35C1' NMR transition is typically over 104 times larger for chloride
bound to a macromolecule than for chloride in solution (17,18). As
a result, when chloride exchanges sufficiently rapidly between bind-
ing sites and solution, the observed Tinewidth is larger than that of
pure solution chloride. The previous chapter presents a detailed

35

analysis of the observed ““C1~ NMR resonance and of the physical

‘processes that cause the linewidth increase.

35

The Information Contained in the ““C1~ Linebroadening. The linewidth

increase (or linebroadening) contains a variety of information about
the sites that give rise to it, as shown in the following simple theoretical

& 35

analysis. Th C1™ linebroadening (8) is defined as

§ = Av )F (1)
Here (Av%)F is the linewidth (at half height) of free chloride in
solution, obtained using a blank sample, and Av% is the observed
linewidth when binding sites are present. In the presence of a
heterogeneous population of independent sites the linebroadening may be

written (Chapter II):
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Here [C]}] is the total (stoichiometric) chloride concentration,

[X161] is the concentration of chloride bound to the i'th type of site,

and o, is a proportionality constant. Two fundamental assumptions have

been made during the derivation of Equation 2 ( Chapter II, also (31,32)).
First, it is assumed that the free chloride ions in solution are in vast
molar excess relative to the bound chloride ions. This assumption is
justified in the experiments presented here because the protein concentration
is small: the ratio of band 3, the most abundant polypeptide in the

ghost membrane (33), to the total chloride concentration is always <10'4.
Secondly, it is assumed that the only significant pathway available to a
bound chloride ion is return to the solution. Here chloride bound to band 3
can undergo translocation as w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>